There are three different test generations of enzyme-linked immunosorbent assays (ELISA) for the detection of human immunodeficiency virus (HIV) infection, depending on whether virus lysate, recombinant proteins or synthetic peptides are used äs solid phase antigen. Four different assays, i. e., three sandwich ELISAs and one competitive test, were used to demonstrate differences between the three Systems with regard to the content of different diagnostically relevant virus proteins. The sensitivities and specificities of these assays were compared by using 312 anti-HIV positive sera and 500 sera of healthy blood donors. The highest sensitivity and specificity were achieved by the competitive ELISA based on recombinant proteins, and by the sandwich ELISA based on synthetic peptides.
Introduction
The most common screening method for the diagnosis of infection with human immunodeficiency virus (HIV) is the detection of virus-specific antibodies by sandwich ELISA. There are three different test generations, which differ with respect tö the insolubilized antigen used:
The assays of the first generation are based on the adsorption of purified lysed virus cultivated in immortalized human lyrriphocytes. The quantitative ratios between the virus proteins are difficult to repro« duce from one preparation to the other. In addition, diagnostically relevant virus proteins, such äs envgene-derived products, are often not available in sufficient quantities (1) . On the other hand, host cell proteins incorporated in the virus membrane cannot, or can only incompletely, be removed (2) . Antibodies to HLA-DR antigens may therefore produce falsepositive resülts (3) , especially in patients with autoimmune disorders or in multiparae (4) . The sensitivity of these tests ranges from 97.2% to 100%, their specificity from 70% to 100% (5).
To circumvent these problems, the assays of the second generation use recombinant proteins äs antigen. The composition of the antigen used for insolubilization is now reproducible and can be selected according to the diagnostic relevance of the virus proteins. These proteins, however, require an extensive purification to avoid false positive reactions.
Synthetic peptides used äs antigens in third generation tests permit the binding of exclusively specific immunodominant sequences to the solid phase. The reduction of a great number of reactive epitopes of the virus to a few or just one sequence requires a detailed epitope mapping (6) . The peptide used in the test has to represent a region, which (i) induces an antibody response in all HlV-infected persons,
(ii) provokes an antibody response äs early äs possible, (iii) maintains the antibody response over all the stages of the disease (7).
D pcl et al.: Anti-HIV screening assays.
Materials and Methods

Solid phase
The tests of the first generation werc performed using commercial microtitre plates of the anli-HTLV III ELISA (Ortho Diagnostic Systems, New Jersey, USA) and polystyrene microtitre plates (Polyplast, Halberstadt, Germany) coated with purified lysed virus grovvn in H9 cells s described in delail eisewhere (8) . The same plates were also used for the tests of the second and third generations. The respeclive antigens dissolved in 100 μΐ of 0.1 mol/1 carbonate buffer, pH 9.5, were added to each well for adsorption over 16 -20 Quantitative solid-phase analysis of several gene products
Plates of the first generation test were analysed for their relative content of 5 selected env-and gag-gene products. Polyclonal antisera from sheep to the HIV-1 proteins p!5, p!7, p24, gp41 and gpl20 (Biochrom KG, Berlin) were applied in twofold serial dilutions, starting with a concentration of 20 mg/1, to detect the bound proteins. The dilution medium used in all the Steps of the assays was phosphate/NaCl/Tween, 100 ml/l Gelafusal (Serumwerk, Bernburg). One hundred μΐ of the different dilutions were incubated in the virus-sensitized wells for l h at 37 °C. After this incubation, the wells were washed five times with phosphate/NaCl/Tween lo remove any unbound reagents. One hundred μΐ of horseradish peroxidase-labelled anti-sheep IgG adjusted to an IgG concentration of 0.3 mg/1 were added to the wells and incubated for l h at 37 °C.
After a further washing, the Substrate reaction was performed using 100 μΐ of 5.5 mmol/l o-phenylenediamine and 8.5 mmol/1 H 2 O 2 in 0.1 mol/1 citrate buffer, pH 5.0. This reaction was stopped after 10 min by addition of 100 μΐ of 2 mol/1 H 2 SO 4 , 0.05 mol/1 sodium sulphite. The absorbances were read bichromalically al 492 nm and 690 nm (10) . The relative quantity of the selected virus proteins adsorbed to the solid phase was expressed s a percentage of maximal adsorption at Saturation, s determined from the maximal absorbance values of the ELISA titration curves.
Quantitative solid phase analysis of an immunodominant epitope
The solid phases coated with the different antigens were examined for the presence of a diagnostically relevant immunodominant region of the transmcnbranc prolein gp41 (aa 606-620). This region is the binding site of the human monoclonal antibody CB-HIV-l-gp41 (9), which was applied on twofold serial dilutions starting with a concentration of 20 mg/1. The antibody Solutions were incubated for l h at 37 °C in the coated wells. After the solid phase had been washed five times with phosphate/NaCl/Tween, an horseradish peroxidase-labelled anti-human IgG adjusted to an IgG concentration of 0.05 mg/ l was incubated for l h at 37 °C. Unoound reagents were removed by washing. After the Substrate reaction, the absorbances were read s described above.
Serum reactivity
To document the relationship of the absorbance values produced in the ELISAs by reactive and non-reactive serurn samples (P/N ratio), titrations were performed on anti-HIV positive (n = 20) and anti-HIV negative (n = 20) pooled serurn samples, using twofold serial dilutions, and starting with the undiluted serum. One hundred μΐ of these samples were incubated in the wells of all the test Systems for l h at 37 °C. The wells were washed, and the horseradish peroxidase-labelled anlKhuman IgG (0.05 mg/1) was incubated for l h at 37 °C.
Sandwich ELISA of the first generation
For the first generation test developed in our laboratory, 55 μΐ of the l: 51 diluted serum samples were incubated for l h at 37 °C followed by five washes and a l h incubation of 100 μΐ horseradish peroxidase labelled anti-human. IgG (IgG: 0.2 mg/1) per well at 37 °C. Another washing was followed by a 30 min Substrate reaction.
Sandwich ELISA of the second generation
The sandwich principle was also applied in the test of the second generation, using the purified, insolubilized, recombinant rlacZgp41 protein. One hundred μΐ of the l: 150 diluted serum samples were incubated for l h at 37 °C. After washing the plates five times with phosphate/NaCl/Tween, an horseradish peroxidase-labelled anti-human IgG adjusted to an IgG concentration of 0.05 mg/1 was incubated for l h at 37 °C. This was followed by a 15 min reaiction with the above-described Substrate sohition.
Competitive ELISA of the second generation
In this assay, antibodies to an immunodominant region of the transmembrane protein gp41 of HIV-1 in the serum of HIVinfected persons inhibit the binding of the horseradish peroxidase-labelled human monoclonal antibody CB-HIV-l-gp41 to the insolubilized recombinant gp 160 protein (11) . Twenty five μΐ of the undiluted serum samples were incubated for 45 min at 37 °C with 75 μΐ of the horseradish peroxidase-labelled mono? clonal antibody adjusted to a concentration of 6.5 mg/I. The wells were washed five times with phosphate/NaCl/Tween, followed by a 10 min Substrate reaction.
Sandwich ELISA of the third generation
One hundred μΐ of the l: 10 diluted serum samples were incubated in the peptide-coated wells for l h at 37 °C. After incub ation the wells were washed five times and the anti-human IgG-horseradish peroxidase conjugate, adjusted to a concentration of 0.05 mg/1, was added and incubated for l h at 37 °C. Another washing was followed by a 10 min Substrate reaetion.
Serum samples
Three hundred and twelve anti-HIV-1 positive serum samples from HIV-1 infected persons at all stages of the disease (CDC classification II-IV), including 200 serum samples from AIDS patients (partially trcated with azidothymidine), and 500 sera from anli-HIV negative healthy blood donors were investigated. The serum sampJes were kindly provided by five different clinical or screening cenlres. All the anti-HIV positive sera were confirmed by immunoblotting.
Statistical methods
For each test System the cut-ofT value was defined äs the mean value derived from at least 100 anti-HIV negative samples plus the threefold Standard deviation (SD). In presenting the results of the competitive assay, a value equivalent to 3 SD was subtracted.
The sensitivity of each test System is defined äs the proportion of positive test results obtained when a population of true positives is tested, and the specificity of each test System äs the frequency of negative results obtained when a population of true negatives is lested.
Samples that gave false negative and false positive results in the ELISAs were retested by immunoblotting.
Results
Epitope analysis and serum reactivity
The relative quantity of reactive env-and gag-gene products of the solid phase adsorbed virus proteins is shown in figure l. The ratio of the immunologically reactive gag-to env-gene products is about 6:1. Curves for the titration of the humari monoclonal antibody, CB-HIV-l-gp41, to the immunodominant region of the transmenbrane protein gp41 of HIV-1 with the fespective insolubilized antigens is shown in figure 2 . The absorbance pläteaus, which reflect the excess of antibodies available for binding tö the limited quantity of gp41 of the respective insolubilized antigen, characterize the different epitope density on the solid phase. Insolubilization of the peptide (amino acids 959-620) led tö the highest epitope density; the next highest epitope density was found for the inso- lubilized recombinant antigens. As deduced from the absorbance values, the relative quantity of reactive epitopes from this region of the transmembrane protein in the absorbed virus lysate is no greater than 8% and in the adorbed recombinant proteins 60% of the adsorbed peptide epitope density (100%). The increase in P/N ratios with growing serum dilution is due to reduced unspecific binding of human IgG from the serum samples. The extent of unspecific IgG binding of anti-HIV-negative serum samples clearly depends on the antigen used fpr solid phase adsorption. Thus a 30-fold seruin dilution resulted in a P/N-ratio of about 30 when the gp41 peptide was used äs the solid phase antigen in the Sandwich ELISA. Using purified recombinant gp41 protein äs solid phase antigen in the same assay, a P/N ratio of about 30 was obtained with a 250-fold serum dilution.
Serum testing
The frequency distributions of the absorbances of the anti-HIV-positive and -negative serum samples, äs determined in the three different Sandwich ELISAs, are shown in figure 4 .
The clearest differentiation was obtained in the third generation assay, using insolubilized peptide.
The second generation sandwich ELISA does not allow an unequivocal differentiation of the two groups of serum samples. Using the chosen cut-off value, 8 semm samples were determined äs false positive and 9 äs false negative, äs deduced from the Western blot results.
The competitive test of the second generation also clearly discriminated between the anti-HIV antibodypositive and -negative sera (flg. 5).
Two of the anti-HIV-positive sera, which did not react in the first-generation sandwich-ELISA, proved to be unequivocally positive in the immunoblot ( fig. 6 ). The absorbances of these two sera produced in the different tests are listed in table l.
The cut-off values, the sensitivity and the specificity of each of the four test Systems are shown in table 2. 
Discussion
Env-gene products of HIV induce an immune response preceding that to gag-gene products (12) . In contrast to the latter response, the immune response to env-gene products of HIV remains relatively constant up to the stage of AIDS (CDC, stage IV) (13, 14, 15) . For this reason, tests employing a preferential detection of antibodies to env-proteins are more sensitive (16) . The quantities of these diagnostically relevant proteins used in the solid phase of the first generation assays are generally too low. The composition of HIV proteins was very similar in both kinds of investigated ELISA plates that use adsorbed purified virus used äs antigen. But the content of the envgene products in relation to the total amount of insolubilized virus proteins is less then 15%, äs shown by the fact that pol-gene derived products were not detected in the investigations described due to a lack of antibodies to reverse transcriptase and protease.
The human monoclonal antibody, CB-HIV-l-gp41, was foimd to recognize an immunodominant region on the transmembrane protein, gp41 (17) . Investigations with this antibody have shown that the density of its target epitope can be systematically increased from the first to the third generation assay. This is also the reason for the different reactivities of 1 the two serum samples, which were clearly positive in the Sandwich ELISA only when peptide is used äs solid phase antigen. This result is in excellent agreement with their precipitation profile in the Western blot. Both samples reacted poorly with the gag-genederived proteins, p!7 and p24, representing the majority of solid phase-adsorbed proteins in the first generation assay.
The P/N ratios of the screening ELISAs, depending on the serum dilution, are of prime importance for their specificity and sensitivity. A high P/N-ratio of low serum dilutions was obtained only when peptides were used äs solid phase antigen. In the case of adsorbed virus lysate or recombinant proteins, undesirable reactions of IgG with co-immobilized host-cell or host-bacterial compounds decreased the P/N-ratio. The insufficient sensitivity and specificity of the sandwich ELISA based on the recombinant protein is due to the insufficient purification of the gp41 protein, which still contains material that reacts with anti-£. coli antibodies present in the serum of blood donors. By dilution sera in medium containing E. coli lysate, it was shown unequivocally that positive results can be caused by antibodies to E. coli (data not shown). Even highly purified recombinant proteins contain epitopes likely to react with IgG molecules which are not directly involved in the immune response to HIV (15) . Thcrelorc, first and second generation tests are recommended for higher seruni dilutions if no competitive assay principle is applied.
The numbers of 312 anti-HIV antibody-positive and of 500 anti-HIV antibody-negative sera are certainly insufficient for a comprehensive evaluation of the sensitivity and the specificity. Nevertheless, advantages and disadvantages of the individual assay variants and the solid-phase materials used can easily be seen from the data presented here.
In our experiments, the best differentiation between the anti-HIV-positive and -negative serum samples was achieved with the peptide ELISA based on only one peptide, which agrees with the results reported by Smith et al. (18) . Although this peptide represents a highly conserved immunogenic region (7), geographic variability, especially in proteins encoded by the env-gene, has been shown by genetic studies (19) on this region of the transmembrane protein. This is reflected by different reactivities of serum samples to peptides which differ in only one amino acid (20) . However, the low molecular mass and the high epitope density permit a co-immobilization of different peptides even together with complete proteins such äs antibodies, so that different parameters can be selectively determined in one and the same assay (21) .
